Arterial stiffness is a strong determinant of cardiovascular risk. Pulse wave velocity (PWV) and the augmentation index (AIx) are widely used as arterial stiffness indices. We studied the reproducibility of these indices and their association with cardiovascular risk factors in hypertensives. We measured brachial blood pressure (BP), brachial-ankle PWV (baPWV) and carotid AIx (cAIx) twice (at the baseline and 4 weeks after the baseline) using an automatic device in 103 hypertensives. The mean intraobserver-intersession difference was 29.0 cm/s with an SD of 201.6 cm/s for baPWV, and 0.5% with an SD of 5.9% for cAIx, and the Bland-Altman plots demonstrated the good reproducibility of baPWV and cAIx. Both baPWV and cAIx (the average of the 1st and the 2nd measurements) were significantly correlated with age, systolic BP (SBP), and pulse pressure (all, p 0.005); however, these factors were not correlated with each other (r 0.06, NS). cAIx was correlated with height, heart rate (HR), total cholesterol, and low density lipoprotein cholesterol (LDL-C) (all, p 0.05). In multiple regression analysis, age, SBP, and HR emerged as significant independent predictors of baPWV (adjusted R 2 0.43, p 0.0001), while height, SBP, HR, and LDL-C emerged as significant independent predictors of cAIx (adjusted R 2 0.58, p 0.0001). Both PWV and AIx measured using an automatic device were fairly reproducible, and their associated risk factors appeared to be different. Automated simultaneous measurement of these arterial stiffness indices may be useful for risk stratification of hypertensives. (Hypertens Res 2004; 27: 851-857)
Introduction
Pulse wave velocity (PWV) and the augmentation index (AIx: augmentation expressed as percentage of the pulse pressure [PP]) have recently been recognized as arterial stiffness indices (1) (2) (3) . Recent reports have shown that PWV is a in younger and middle-aged male patients (5) . However, in hypertensive patients the impact of AIx on the prognosis remains unclear.
Arterial stiffness is determined by functional and structural components related to the intrinsic elastic properties of the artery (6) . Persistently elevated blood pressure (BP) accelerates arterial smooth muscle hyperplasia and hypertrophy, and collagen synthesis, thereby increasing arterial stiffness (6) . On the other hand, arterial stiffening increases systolic BP (SBP) and PP directly by increasing the PWV generated by ventricular ejection and by an early return of arterial wave reflections, which augment central aortic and left ventricular pressure in late systole, resulting in increased systolic work and thus left ventricular hypertrophy and in-creased myocardial oxygen demand (6) . Although the timing of the arrival of the reflected wave at the proximal aorta is largely determined by large artery PWV, AIx and PWV are not simply interchangeable indices of arterial stiffness, because AIx is influenced by vasoactive drugs independently of PWV (7) . Although it might be presumed that these arterial stiffness indices are useful for following up hypertensive patients, it remains to be determined whether there are significant differences in the reproducibility and related cardiovascular risk factors between these indices.
We therefore studied the reproducibility of PWV and AIx determined using a recently developed automatic device and the association between these indices and cardiovascular risk factors in hypertensive patients.
Methods

Study Population
One hundred and three consecutively recruited outpatients (41 men and 62 women; mean age, 69.4 years) with essential hypertension were enrolled in this study. Characteristics of the study population are shown in Table 1 . Hypertension was defined as SBP≥140 mmHg, diastolic BP (DBP)≥90 mmHg, or use of antihypertensive medication. Of the total population, 56.3% were treated hypertensives (diuretics: 24.1%; βblockers: 12.1%; calcium channel blockers: 31.0%; angiotensin-converting enzyme [ACE] inhibitors: 15.5%; angiotensin receptor blockers: 44.8%). Hyperlipidemia was defined as total cholesterol (TC)≥220 mg/dl, triglyceride (TG)≥150 mg/dl, or use of antihyperlipidemic medication. Diabetes mellitus was defined as a fasting blood glucose ≥126 mg/dl or the current use of antidiabetic medication.
Smoking status was defined as current or past vs. never. Exclusion criteria were as follows: secondary hypertension, complicated hypertension with recent cardiovascular events, atrial fibrillation, and arteriosclerosis obliterance (ASO; defined as an ankle/brachial blood pressure index [ABI]<0.9). According to these criteria, we excluded 4 patients (3 men and 1 woman) who had ASO by measuring ankle/brachial blood pressure. Medications were not changed for any of the patients during the study period. The study was approved by the Research Ethics Committee of Miwa Municipal Hospital, and informed consent was obtained from all patients.
Risk Factor Evaluation
A detailed history of risk factors and medical conditions was obtained. The patients were scheduled to fast in the morning without medication. Venous blood was drawn for analysis of fasting plasma glucose (FPG) and serum concentrations of TC, TG, high-density lipoprotein cholesterol (HDL-C), serum creatinine (Cre), and HbA1C by standard laboratory methods. Low-density lipoprotein cholesterol (LDL-C) was calculated by the Friedewald equation. None of the patients had 
Pulse Wave Analysis
Patients were examined in a quiet and temperature-controlled laboratory (23 ºC) after 5 min of lying supine at 9:00-11:00 AM. Brachial-ankle PWV (baPWV) was used as a substitute for aortic PWV in the study because of the good correlation between baPWV and aortic PWV (r 0.87, p<0.01), which was obtained by invasive measurements of the aorta across a distance of 50 cm using a catheter tip manometer (8) . baPWV was measured as reported previously (8-10), using a volume-plethysmographic device (form PWV/ABI; Colin Co., Ltd., Komaki, Japan) with four cuffs matched with oscillometric sensors, which were wrapped around the upper arms and ankles, and then the pulse volume records of the bilateral brachial and tibial arteries were monitored during a continuous deflation of the cuffs. The BP of each lesion can be obtained by this oscillometric method. Electrodes of the electrocardiograph were placed on both wrists, and a microphone was placed on the left edge of the sternum to detect heart sounds. Transit time (∆Tba) between the brachial and ankle pulse waves was automatically measured from the time delay between the feet (sharp initial systolic upstroke) of the wave at the 2 sites. The distance between the 2 recording sites of baPWV was calculated automatically based on the height of the patient and anthropomorphic data for the Japanese population. The path length from the suprasternal notch to the brachium (Lb) and ankle (La) was indicated using the following equation: Lb 0.2195 height of the patient (cm) 2.0734, La 0.8129 height of the patient (cm) 12.328. baPWV was then calculated using the following equation: baPWV (La Lb)/∆Tba. Since there was a significant positive correlation between left and right baPWV (r 0.93, p<0.0001), we used the right baPWV value in this study. Measurement of carotid AIx (cAIx) was performed using a multi-element applanation tonometry sensor for the left common carotid artery. A multi-element tonometry sensor, which consists of 15 pressure-sensitive small elements aligned side-by-side, is coupled to the device. The carotid tonometry sensor is compact and lightweight and can be easily attached around the neck. The sensor element manually located at the center of the carotid artery can be identified by screening the pulse pressure levels of the 15 elements, provided that the sensor element size is sufficiently small compared to the vessel diameter. The investigator can apply the sensor easily with one hand by holding the handle of the sensor, and adjust the pressure and position so as to record the best signals while palpating the carotid artery with the other hand. The quality of the carotid pulse wave and the downward force were checked visually on tonography, and pulse waves were recorded and stored over a 30-s period. The va-lidity and reliability of this tonometry sensor have been reported previously (11) .
In this study, we evaluated the intraobserver-intersession reproducibility to confirm whether baPWV and cAIx obtained using this device were suitable for longitudinal clinical studies. All measurements were therefore made by the same investigator, and obtained on two separate visits with a time interval of 4 weeks. The mean value of baPWV and cAIx between the different visits was applied in evaluating related factors. Table 1 shows the hemodynamic parameters obtained using this device in the study population.
Statistical Analysis
All parameters are given as the mean SD or percentage (%). Paired t-test was used to determine the significance of differences between visit 1 and visit 2 for hemodynamic parameters. The reproducibility of arterial stiffness indices was analyzed using Bland-Altman plots (12) . Relationships between arterial stiffness indices and clinical/hemodynamic parameters were analyzed by simple and multiple regression analysis. A value of p<0.05 was considered to indicate statistical significance.
Results
Reproducibility of Arterial Stiffness Indices
There were no significant differences between visit 1 and visit 2 in SBP ( p 0.06), HR ( p 0.96), baPWV ( p 0.17), or cAIx ( p 0.40). Figures 1 and 2 show the agreement between the two measurements of baPWV and cAIx. The correlation coefficients of SBP, heart rate (HR), baPWV, and cAIx between visit 1 and visit 2 were 0.67 ( p<0.0001), 0.78 ( p<0.0001), 0.89 ( p<0.0001), and 0.87 ( p<0.0001), respectively. The coefficients of variation (CV) of SBP, HR, ba-PWV, and cAIx were 3.9%, 3.6%, 3.8%, and 9.7%, respectively. As shown by the Bland-Altman plots, the mean intraobserver-intersession difference was 29.0 cm/s, with an SD of 201.6 cm/s, for baPWV ( Fig. 1) , and 0.5%, with an SD of 5.9%, for cAIx ( Fig. 2) . As can be seen, in each graph most of the data points fell well within the 2SD range.
Associated Risk Factors
baPWV and cAIx were not significantly correlated with each other (r 0.06, NS). In simple regression analysis, baPWV was significantly correlated with age (r 0.40, p<0.0001), SBP (r 0.39, p<0.0001), mean arterial pressure (MAP; r 0.29, p<0.01), and PP (r 0.30, p<0.005) ( Table 2) , while cAIx was significantly correlated with age (r 0.38, p<0.0005), height (r 0.47, p<0.0001), SBP (r 0.29, p<0.005), PP (r 0.31, p<0.005), HR (r 0.52, p<0.0001), TC (r 0.23, p<0.05), and LDL-C (r 0.29, p<0.005) ( Table 3 ). In the multiple regression analysis, age, SBP, and HR remained independent determinants of baPWV (adjusted R 2 0.43, p<0.0001), while height, SBP, HR, and LDL-C remained independent determinants of cAIx (adjusted R 2 0.58, p<0.0001).
Discussion
This study demonstrated that both PWV and AIx measured using an automatic device are fairly reproducible, as indicated by high correlation coefficients, small coefficients of variation, and small mean differences observed in the Bland-Altman plots. The cardiovascular risk factors associated with these simultaneously measured arterial stiffness indices appear to be different in hypertensive patients.
Carotid-femoral PWV (cfPWV) has been used as an established method for measuring PWV (13, 14) , but the use of the femoral artery requires a transducer to be attached to the inguinal region, which has a strong psychological impact on the patients. As the PWV is closely determined by BP level per se, the psychological pressor effect may increase cfPWV, leading to lower reproducibility. This disadvantage might make the conventional technique for cfPWV measurement unsuitable for routine use. Measurement of baPWV minimizes the psychological stress by simply using exposed extremities. In this study, the good reproducibility of baPWV may have resulted from the stability of BP, which was obtained by measuring these parameters under the same conditions. Reproducible results could also be obtained irrespective of the operator's technical skill. Recently, it has been reported that the validity and reproducibility of baPWV measurement are as good as those of aortic PWV or cfPWV, as shown using Bland-Altman analysis (8, 9) . Yamashina et al. reported that the intraobserver correlation coefficient (r) was 0.87, and the CV was 10.0% (8), while Munakata et al. reported that the CV was 6.5% (9) . Although the present study had a much longer interval between the successive measurements than those studies, the reproducibility in this study (CV 3.8%) was much better. While cfPWV principally reflects the elastic properties of central arteries, baPWV also includes peripheral arterial components, which contain more muscular Correlation coefficients of simple regression analysis (r), multiple regression analysis (β), and level of significance are shown. Abbreviations are the same as those in Tables 1 and 2. components (15) . Considering that baPWV is a highly reproducible parameter of arterial stiffness, however, baPWV may be better suited for routine examinations and large clinical trials. Chen et al. demonstrated that cAIx measured by the applanation tonometric method provides a waveform closest to that of the central aorta, and its value is reliable enough for use in the clinical field (16) . Liang et al. studied the intraobserver reproducibility of cAIx using applanation tonometry, and gave the CV of cAIx as 1.3% (17) , while we gave it as 9.7%. These discrepancies are due to the differences in measurement interval (Liang et al. (17) : mean, 2.5 weeks; our study: mean, 4 weeks). Moreover, they studied cAIx in healthy volunteers, while we targeted hypertensive patients. Therefore, we cannot simply compare their results with our results; however, considering our interval, we speculate that our CV is preferable. Cortez-Cooper et al. reported the reliability of this automatic device for measuring cAIx, as indicated by the relatively small CV (13.0%) (11) . In our study, however, it is noteworthy that the measurement of cAIx was less reproducible than that of baPWV, probably because carotid tonometric measurement requires more technical skill than the measurement of baPWV. Thus, the recent development of user-independent tonometer systems, i.e., automated sensors that do not require hand-held operation, may have improved the reliability and reproducibility of the measurements of cAIx.
Fig. 1. Correlation between the two measurements of baPWV (upper panel). Difference between baPWV at the 1st visit and 2nd visit plotted against their mean. The lines represent the mean difference and the limits of agreement, that is, 2SD (lower panel). baPWV, brachial-ankle pulse wave velocity.
Fig. 2. Correlation between the two measurements of cAIx (upper panel). Difference between cAIx at the 1st visit and 2nd visit plotted against their mean. The lines represent the mean difference and the limits of agreement, that is, 2SD (lower panel). cAIx, carotid augmentation index.
As shown recently (9, 10, 18, 19) , baPWV was correlated with age and SBP. Aging induces functional and structural changes such as arterial wall remodeling and degeneration of elastic fibers or disorganization of the medial layer (20) . With advancing age, therefore, arteries progressively stiffen, and increased arterial stiffness has been reported to lead to an age-related rise in PWV (21) . Arterial stiffening, moreover, induces an increase of SBP concomitant with a decrease of DBP, resulting in an increase of PP, which reflects arterial pulsatile hemodynamics (22) . When we conducted the same analysis using MAP, the distended pressure, instead of SBP, the results were essentially the same. The present study showed a positive relationship between PWV and HR, as previously shown by Lantelme et al. (23) . Moreover, by using multiple regression analysis, we demonstrated that HR may have an effect on baPWV, independent of SBP level, in the observational data. This is supported by the fact that increasing HR by pacing causes a marked reduction of arterial distensibility (24) , which is inversely related to PWV, without HR-dependent changes in BP.
While in this study cAIx was correlated with SBP and PP, but not DBP, Nürnberger et al. reported that DBP was an important determinant of cAIx (25) . This phenomenon was probably due to the differences of age distribution (mean age: 69.4 years for this study vs. 27.8 years for Nürnberger et al. (25) ). In the elderly, the reflected pulse wave returns to the aorta in the systole, thereby increasing SBP and PP. cAIx was correlated with LDL-C apart from baPWV, and this relationship was not lost after multiple regression analysis. It has been shown that patients with hypertension and elevated LDL-C have endothelial damage and progressing atherosclerosis (26) . Increased AIx has been reported in hypercholesterolemic patients (27) . AIx may depend on the pattern of ventricular ejection and on the arterial properties determining the amount and site of wave reflection (28) . These reflection sites may be influenced by the vascular tone of the small muscular arteries (7) . Megnien et al. showed that arterial stiffening does not predict atherosclerotic disease in asymptomatic men at cardiovascular risk (29) . In contrast, Weber et al. have recently shown that AIx as an index of arterial stiffening is an independent risk marker for premature coronary atherosclerosis (5) . Further studies are needed to evaluate whether AIx could be considered a useful surrogate marker for assessing early-stage (preclinical) atherosclerosis.
cAIx was also significantly correlated with height. We considered that this reflected the earlier arrival of the reflected waveform due to the reduced length of the arterial tree. Smulyan et al. demonstrated the early systolic arrival of reflected waves in short people, and suggested that this fact could explain the inverse relationship between height and cardiovascular risk (30) . Contrary to the findings with ba-PWV, this study showed a negative relationship between AIx and HR, as shown by Wilkinson et al. (31) and Gatzka et al. (32) . Arteries also display viscoelasticity, which means that their stiffness itself depends on the rate at which they are stretched by the pulse, and is thus dependent on HR. In addition, ejection times are prolonged and reflections return during the systolic interval, merging with the incident pressure wave and increasing the peak systolic pressure. Similarly to baPWV, cAIx must therefore be evaluated after considering HR differences as a confounding factor. Standardizing AIx for these physiologic factors, including height and HR, seems mandatory if one wants to interpret these changes in interventional clinical trials. In the present study, contrary to our expectation but in agreement with the findings of Kelly et al. (7) , PWV and AIx could not be used interchangeably as an index for arterial stiffness. This may be explained by the fact that AIx is also determined by the pattern of ventricular ejection and the intensity of wave reflection which, in turn, is determined by the diameter and elasticity of small arteries and arterioles (33) .
In conclusion, this study demonstrated good intraobserverintersession reproducibility of these arterial stiffness indices under controlled experimental conditions, provided that the measurements are done by a single investigator. Since these simultaneously measured arterial stiffness indices seem to contribute to the more precise assessment of cardiovascular risk, this apparatus would greatly facilitate the analysis of pulse waveforms in large longitudinal and interventional studies in hypertensive patients.
